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In asthma the following clinical observations have been made :

1. Low pulse pressure in those cases uncomplicated by arterio-
sclerosis, probably due to diminished systolic volume.

2. Loud pulmonic second sound pointing towards increased resist-
ance in the lesser circulation.

3. Polycythemia, possibly a teleologic phenomenon designed to com-
pensate for a lessened minute volume output from the left ventricle.

4. Enlarged veins in the neck and cyanosis suggesting a certain
amount of general venous stasis.
These clinical facts led us to suspect that circulatory disturbances

might account in large part for the conditions associated with
obstructed expiration. On account of the lack of adequate clinical
material, we decided to study this subject in the experimental animal.
Dogs were used.

TECHNIC

The animals received a preliminary injection of 0.16 c.c. of a 2 per cent.
solution of morphin per kilogram of body weight. Full anesthesia was pro-
duced by the administration through a stomach tube of a saturated solution of
chlorbutanol (chloretone) (15 c.c. per kilogram of body weight.)
Tracheotomy was performed. A T-tube was inserted into the trachea and

it was so arranged that there was no increase in dead space.1 As soon as an
even anesthesia was obtained, the expired air was collected in a Dreser tube
and the minute volume was determined. The carbon dioxid in the blood was
determined by means of the Barcroft-Haldane2 method, that in the alveolar air
by Henderson's3 method. Samples of air were obtained by forcible compression
of the thorax at the height of inspiration. A careful series of controls indi-
cated that under the conditions of the experiment, with unobstructed expiration,
the CO2 content of the blood and the alveolar air varied with the minute volume,
thus corroborating the work of Haldane and Priestley.4 Anesthesia for vary-
ing lengths of time produced effects varying only with the ventilation.
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1. After our manuscript had been completed, we noted the work of Hen-

derson, Chillingworth and Whitney and that of J. S. Haldane (Am. Jour.
Physiol., 1915, 38, 1) on the variations in dead space. These changes, however,
take place only with greatly increased ventilation and do not affect our experi-
ments.

2. Barcroft and Haldane: Jour. Physiol., 1902, 28, 232.
3. Henderson: Am. Jour. Physiol., 1911-1912, 29, 441.
4. Haldane and Priestley: Jour. Physiol., 1904-1905, 32, 225.
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In another series, a one-way valve was attached to the vertical end of the
T-tube, and by means of a screw, varying degrees of obstruction to expiration
were produced. This was our method of simulating the asthmatic attack. The
anatomic findings show that we have been successful, especially with regard
to the morphologic picture.5 The obstruction lasted for varying lengths of
time. Control determinations were always made before the valve was inserted,

Fig, 1.—Section of lung from valve dog which shows dilated infundibula
and ruptured alveoli. Note the extremely thin walls of the alveoli and the
ruptured ends projecting into the lumen of the infundibulum. There is no area
where normal lung structure could be demonstrated.

5. A pathologic study was made of the lungs of our valve dogs by Dr.
Alexander Fraser of the Department of Pathology of University and Bellevue
Hospital Medical College, to whom we here express our sincere thanks. He
found the macroscopic and microscopic evidences of emphysema with the
exception of increase in connective tissue. There were also areas resembling
infarctions, probably due to rhexis as a result of the increased resistance in
the pulmonary circuit. One of Hoover's patients also coughed up, during an
asthmatic attack, a frothy, blood-stained sputum, the source of which might
have been one of these areas mentioned by Dr. Fraser. It is of interest to
add that Stahelin also noted the occurrence of hemoptysis in some cases.
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or before expiration was obstructed by screwing down the valve. A marked
increase in the CO2 content of the blood and the alveolar air occurred espe¬
cially where increased ventilation had not occurred. In most instances this
attempt at compensation showed itself by increased ventilation due to the
sensitiveness of the respiratory center to slight rises in the CO2 pressure in
the alveolar air. (Haldane and Priestley.4) Usually, however, this attempt
at compensation was inadequate, because "there seems to be an optimum of
respiratory volume beyond which the effectiveness of ventilation is not pro¬
portional to the increase in exchange." (Hoover.8)

Fig. 2.—Section of lung from normal dog which shows a well distended bit
of lung which did not show signs of emphysema macroscopically. The
infundibula are fully distended, but the normal relationship between infundibula
and alveoli is preserved. The dark areas represent round-cell infiltrations
and red cells.

As soon as the obstruction was introduced, the type of respiration changed.
Expiration became prolonged, the rate slowed, and the abdominal wall muscles
also aided in the attempt to force air out. It seemed possible that increased
muscular work might be a factor tending to raise the CO2 content of the

6. Hoover: The Archives Int. Med., 1913, 11, 52.
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TABLE 1.—Control Experiments

Experiment

1 Begin.
End...

2 Begin.
End...

3 Begin.
End...

Begin.
End...

Begin.
End...

Begin.
End...

Begin.
End...

8 Begin.
End...

Minute
Volume

1,800
2,000
1,300
900

2,700
1,200
2,250
4,400
1,120
1,710
2,870
1,540
1,400
720

2,700
1,500

Blood CO2
Volume,
per Cent.

52.86
55.53

50.59
61.18

48.11
80.21

62.10
48.58

60.41
45.74

48.44
64.61

60.22
69.20
46.46
51.02

Alveolar Air
OO2 Volume
per Cent.

5.34
5.14

5.76
6.11

5.62
8.53

5.11
4.53

5.28
5.01

7.15
8.28

7.33
8.19

5.26
6.25

Duration of
Experiment,
Hours

TABLE 2.—Valve Experiments

Experiment Minute
Volume

Blood CO2
Volume,
per Cent.

Alveolar Air
CO2 Volume
per Cent.

Duration of
Experiment,
Hours

9 Begin.
End...

10 Begin.
End...

11 Begin.
End...

12 Begin.
End...

13 Begin.
End...

14 Begin.
End...

1,560
2,160
1,620
3,625
1,200
2,400
1,800
3,000
1,500
1,600
1,200
1,980

53.23
61.82

50.80
69.88

35.20

.

47.80

44.74
64.20

50.68
81.40

44.53
59.43

4.92
5.43

4.01
4.37

5.12
6.35

6.07
9.22

4.64
6.30

blood.' A series of controls was carried out with strychninized dogs. The
animals received 2 c.c. of a 1 to 1,000 strychnin solution, hypodermatically,
in divided doses, at five minute intervals until a convulsive response was

produced by tapping on the nose. These results agreed with those of our
control animals, in which the CO2 in the blood and in the alveolar air varied
according to the ventilation.

7. It is of interest in this connection to note the work of Wilson, Stearns
and Thurlow (Jour. Biol. Chem., 1915, 23, 89) who found that tetany fol-
lowing parathyroidectomy tends to lessen the alkalinity and to lower the CO2
tension of the blood. Our experiments with strychninized animals tend to
confirm these results.
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TABLE 3.—Strychnin Experiments

771

Experiment

15 Begin.
End...

16 Begin.
End...

Minute
Volume

1,080
1,140
1,800
2,100

Blood CO2
Volume,
per Cent.

58.44
44.51

51.66
52.35

Alveolar Air
CO2 Volume
per Cent.

7.31
6.66

5.89
5.95

Duration of
Experiment,
Hours

Fig. 3.—Period of beginning obstruction. Note the ratio between the duration
of positive and negative intrabronchial pressure. Ratio, negative 1 : positive 1.

To get some insight as to events occurring in the circulatory system,
carotid pressure observations were made simultaneously with the deter¬
mination of the intrabronchial pressure.
From a study of the tracings we can conclude that there is at the

beginning of expiration a preliminary squeezing out of blood from the
pulmonary capillaries and veins into the left heart. This increases the
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systolic output from the left ventricle and the carotid pressure rises for
a few seconds. After a few beats, however, there is a fall in blood
pressure, due to the fact that the intrabronchial pressure exceeds the
capillary pressure and interferes with the flow through the compressed
capillaries, thus diminishing the return of blood to the left auricle.
Suddenly, at the beginning of inspiration, when the intrabronchial
pressure falls, the drop in systolic pressure which began toward the

Fig. 4.—Period of increasing obstruction. Ratio of negative pressure to
positive pressure. Tracing on left, negative 3 : positive 5 ; tracing on right,
negative 1 : positive 6.

end of expiration is still further increased. The depleted pulmonary
capillaries take up the blood from the right ventricle, and thereby lessen
the flow to the left heart. There probably is a shutting off of free
flow from the superior vena cava, but due( to the rise in the intra-
abdominal pressure, the inferior vena cava empties itself into the right
heart and thus assures a definite supply of blood to the right heart.
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The tracings indicate a diminution of systolic output with rising intra-
bronchial pressure, and a change in the time relationship between
inspiration and expiration. Whereas the normal ratio of inspiration to
expiration is 5:4, in our animals it approximated 1:4. On the whole,
the tracings point out clearly that there is a distinct interference with

Fig. 5.—Period of increasing obstruction. Ratio of negative pressure to posi¬
tive pressure. Negative 1 : positive 7.

blood flow through the lungs, and therefore with proper aeration,
Gerhardt,8 Minkowski,9 Tendeloo,10 Stewart,11 Romanoff,12 Cloetta13
and Bruns1* are agreed that even slight rises in the intrabronchial

8. Gerhardt: Ztschr. f. klin. Med., 1904, 55, 195.
9. Minkowski Therap. d. Gegenw., 1912, 53, New Series, 14, 1.
10. Tendeloo: Ergebn. d. inn. Med. u. Kinderh., 1910, 6, 1.
11. Stewart: Jour. Physiol., 1894, No. 15, p. 31.
12. Romanoff: Arch. f. exper. Path. u. Pharmakol., 1910-1911, 64, 183.
13. Cloetta: Arch. f. exper. Path. u. Pharmakol., 1911, 66, 409.
14. Bruns: Deutsch. Arch. f. klin. Med., 1912, 108, 469.
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pressure cause considerable obstruction to blood flow through the
lungs, the pressure in the pulmonary capillaries not being much above 0.
Hoover15 has attempted to explain the insufficient aeration of the

blood in asthmatics on a respiratory basis. He found that the C02
content of the alveolar air rose in the asthmatic attack, especially where
the patient had already suffered from emphysema. He first thought
that an increase in the dead space, with impaired alveolar ventilation,

Fig. 6.—Period of maximum obstruction. Intrabronchial pressure, 22 to 26
mm. mercury. Ratio of negative pressure to positive pressure, negative 1;
positive 15.

was the cause of this rise. Later observations showed that there was
no appreciable increase in the dead space in these cases. In fact, he
says that "the dead space is no larger in these cases than in normal
persons." The cause of the disturbance in aeration could not be circu¬
latory, for he says "to produce cyanosis by impairment in circulation,

15. Hoover: The Archives Int. Med., 1915. 15, 1 and 501.
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the evidence of venous stasis must be very great." Yet we all know
that most emphysematous patients show rather well marked cyanosis
without any evidence of hepatic congestion, edema, etc. He concluded
from his studies that "the real difficulty of ventilation in asthma lies in
a distention of the infundibula, and this fails to permit an equal dif¬
fusion of C02 throughout the alveolar air," an explanation, which does
not seem plausible, especially when one recalls the relatively large
diffusion coefficient for CO,.

Fig. 7.—Note decreasing systolic volume as intrabronchial pressure rose. Upper
tracing, intrabronchial pressure ; lower tracing, carotid pressure ; a, beginning
of expiration, b, beginning of inspiration.

In view of all these facts, we are inclined to believe that the circu¬
latory factor, contrary to Hoover, is the important one. The cough
in asthmatics, which, according to Gerhardt, can raise the intrabronchial
pressure to 57 mm. of mercury, and according to Aron to 90 mm. of
mercury, would distinctly embarrass the lesser circulation as outlined
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in the foregoing, and the voluntary attempts to aid expiration would
accentuate the condition. An asthmatic attack in an emphysematous
individual would still further distend an already overexpanded lung.
Hoover found especially high readings for blood and alveolar air C02
in such cases. If we take into account the time relationship between
inspiration and expiration, we find that in our animals expiration lasted
about four times as long as inspiration. There is, therefore, during
four-fifths of the respiratory cycle, the long drawn-out expiration, a
positive intrabronchial pressure as a result of which resistance to the
flow of blood through the pulmonary capillaries is great. During this
phase there is a little opportunity for gaseous exchange. Then there
follows only a short inspiration, during which the C02 is released as
the blood is taken up by the depleted pulmonary sponge. Stahelin16
remarks that during the Valsalva test, straining with a closed glottis,
one sees during Roentgen-ray examination the heart decrease in size
and the carotid pressure fall, an evidence of the fact that due to the
rise in intrathoracic pressure, little blood can enter the heart, and it
therefore pumps itself out. This is but an extreme degree of the
mechanism we have described. So too, we are all familiar with the
cyanosis which occurs during the pertussis spasm, the rise in intra¬
thoracic pressure causing venous stasis and interfering with free flow
to the heart. The absence of a permanent fall in blood pressure in our
animals may be explained by a compensatory vasomotor contraction of
the systemic arterioles and the emptying of the inferior vena cava by
the increased intra-abdominal pressure.

SUMMARY

The high C02 content of the alveolar air in asthma and obstructed
expiration in general is due to a circulatory cause. The rise in intra-
bronchial pressure during the long expiration interferes with the free
flow of blood through the pulmonary capillaries and causes a damming
back of the blood on the venous side. There is a consequent accumula¬
tion of C02 in the blood with the liberation of C02 into the alveolar
air, chiefly during the short inspiratory phase of asthmatic breathing.

16. Stahelin : Jahresk. f. \l=a"\rztl.Fortbild., M\l=u"\nchen.,1913, Part 2, p. 50.
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